Oxidative stress may play an important role in the carcinogenic action of UVB light (290 to 320 nm). UVB light induces the growth-related immediate-early gene c-fos in JB6 mouse epidermal cells, but at the same time it causes structural damage to DNA, in particular DNA strand breakage. We have studied the effect of the modulation of the frequencies of DNA breaks on the transcriptional induction of c-fos by changing the cellular antioxidant defense or by inhibiting break repair. Reduction of UVB-induced DNA breakage in a stable transfectant with an increased complement of glutathione peroxidase enhanced the induction of c-fos. In contrast, c-fos induction was diminished in stable transfectants with Cu,Zn-superoxide dismutase. Increasing the stationary concentration of UVB-induced DNA breaks by inhibition of repair in the presence of the adenosine diphosphoribose (ADPR)-transferase inhibitor 3-amino-benzamide suppressed the induction of c-fos. We conclude that DNA breaks which are induced by UVB via oxidative processes interfere with the transcriptional induction of c-fos. DNA breaks appear to exert a long-range effect on chromatin conformation which is incompatible with efficient transcription. This notion is supported by the observation that inhibition of break rejoining by 3-amino-benzamide suppressed the UVB induction of the endogenous c-fos gene and of a stably integrated construct containing the c-fos regulatory sequences linked to a reporter gene. In contrast, the induction of the same construct was not inhibited when it remained extrachromosomal in transient transfection experiments.
UV light appears to initiate signal transduction pathways at the plasma membrane which involve kinases and phosphatases and are known to participate in the mitogenic response to certain growth factors (13, 17, 34) . It modulates the expression of numerous growth-related genes, among them the immediate-early genes c-fos and c-jun (12, 22, 36, 37) . The UVB portion in the wavelength range from 290 to 320 nm possesses the highest potency for the induction of skin cancer (10, 14, 17) . In contrast to short-wavelength UVC light (190 to 290 nm), which preferentially causes damage to DNA via electronic excitation, UVB light interacts with multiple cellular targets and appears, at least in part, to act by oxidative mechanisms. This notion is supported by the observation that UVB light efficiently induces lesions of the 5,6-dihydroxy-dihydrothymine type in DNA as well as single strand breaks (18, 19, 31) . Furthermore, there are similarities in the mechanisms of transcriptional induction of c-fos by bona fide oxidants and UVB light. Both require the poly-ADP ribosylation of chromosomal proteins for efficient induction. We have proposed that poly-ADP ribosylation is required because it participates in the rejoining of DNA breaks and that unrepaired breaks interfere with the efficient induction of c-fos (2, 37) .
To test the validity of this model, we have taken two avenues to modulate the level of UVB-induced DNA breakage. First, we have evaluated the effect of modulating the cellular antioxidant defense on the efficiency of strand break formation and on the inducibility of c-fos. In support of our model, protection from UVB-induced DNA breakage by increased levels of glutathione peroxidase (GPx) was paralleled by enhanced transcriptional induction of c-fos. In contrast, increased levels of Cu,Zn-superoxide dismutase (SOD) inhibited c-fos induction. Second, we have investigated the effect of inhibitors of adenosine diphosphoribose (ADPR)-transferase on c-fos induction. This enzyme is required for the rejoining of DNA breaks (21, 28) . Its activity in part determines the stationary concentration of unrepaired breaks. As predicted, inhibition of strand rejoining resulted in suppression of UVB-induced c-fos expression. Comparative experiments with stable and transient transfectants with a reporter construct containing the 5' upstream regulatory sequences of c-fos linked to the bacterial chloramphenicol acetyltransferase (CAT) gene suggest that unrepaired DNA breaks exert a long-range effect on chromatin conformation which is incompatible with efficient transcription of c-fos. (9) . Resistant clones were selected for 9 days in medium containing 8% fetal calf serum, 250 p,g of xanthine per ml, 25 ,g of mycophenolic acid per ml, 2 Ftg of aminopterin per ml, 10 ,ug of thymidine per ml, and 15 ,g of hypoxanthine per ml. Transfectants SOD3 and SOD15, which overexpress human Cu,Zn-SOD, have been described previously (3) .
MATERIALS AND METHODS
The activities of SOD, GPx, and catalase in the parent JB6Cl41 cells and in the transfectants were determined as described previously (3) and are listed in Table 1 .
Isolation of RNA and Northern (RNA) blot analysis. Monolayers were washed twice with cold phosphate-buffered saline (PBS), and RNA was isolated after cell lysis by the guanidinium thiocyanate method (11) . Aliquots (10 ,g) of RNA were electrophoresed on 1.4% agarose-formaldehyde gels and transferred to GeneScreen membranes. The filters were prehybridized in 50% formamide-50 mM Tris-HCl (pH 7.5)-0.1% sodium pyrophosphate-1% sodium dodecyl sulfate (SDS)-0.2% polyvinylpyrrolidone-0.2% Ficoll-5 mM EDTA-0.2% bovine serum albumin-lx SSC (0.15 M NaCl plus 0.015 M sodium citrate)-150 p,g of denatured salmon sperm DNA per ml at 65°C for 4 h. Hybridization was carried out with 106 cpm of 32P-labeled antisense riboprobes per ml at 65°C for 16 h. The riboprobes were SP6 recombinants with a 685-bp SalI-to-PstI fragment of v-fos containing sequences of exons 3 and 4 of c-fos (43) or with a 1,400-bp PstI fragment of rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (33) . The filters were washed at 65°C twice for 15 min with 2x SSC-0.1% SDS and twice for 15 min with 0.1x SSC-0.1% SDS.
CAT vector constructs with 5' regulatory sequences of c-fos, preparation of stable transfectants, and RNase protection assay. pfos-CAT contained the full-length upstream sequence of mouse c-fos from -641 (HindIII) to +109 (AccI) cloned into the HindIII site of pSVO-CAT (2, 37) . Stable transfectants of JB6 clone 41 cells were prepared by cotransfection of the pfos-CAT plasmid at a 50-fold excess with pSV2neo according to the calcium phosphate precipitation protocol of Chen and Okayama (9) . After selection for 10 days in complete culture medium containing 400 Fig of G418 per ml, the resistant colonies (approximately 100 per 15-cmdiameter petri dish) were pooled by trypsinization and the culture was expanded in antibiotic-free medium. According to this protocol, effects of the integration site on the expression of the construct are averaged out. The inducibility of the pfos-CAT construct by UVB (12 kJ m-2) and 20% fetal calf serum was determined for serum-starved cultures (30 h in medium containing only 0.25% fetal calf serum).
Total RNA was isolated 1 h after treatment by the guanidinium thiocyanate method (11) . The preparation of the 32P-labeled CAT-RNA probe and the RNase protection assay were carried out as described by Angel et al. (4) . The expression of Cu,Zn-SOD was used to standardize the RNase protection assay. The SOD probe was a recombinant containing a 450-bp TaqI-to-AluI fragment from human Cu,Zn-SOD cDNA (38) cloned in the antisense direction into the SmaI and AccI sites of the SP65 vector.
Transient transfection and RNase protection assay. A total of 6.5 x 105 cells were plated per 10-cm petri dish, and 24 h later the medium was replaced by fresh MEM plus 8% fetal calf serum. After 4 h the cells were cotransfected with pfos-CAT (10 ,ug per plate) and pBLCAT4 (15 ,ug per plate). pBLCAT4 was used for standardization and contains the HSV-tk promoter sequence from residues -109 to +57 linked to the CAT gene (7, 41) . The transfection was performed for 5 h. The cells were then subjected to a glycerol shock (10% glycerol in MEM) for 2 min, washed twice with warm PBS, and incubated overnight in fresh MEM plus 8% fetal calf serum. The next day the cells were starved for 30 h in dyeless MEM containing 0.25% fetal calf serum. Cells were then irradiated with UVB light (12 kJ/m2) or treated with 20% fetal calf serum in the presence or absence of 3-AB. After 1 h of incubation, total RNA was isolated by the guanidinium thiocyanate method. The preparation of the 3 P-labeled CAT-RNA probe and the RNase protection assay were performed as described by Angel et al. (4) .
Analysis of UVB-induced DNA breakage. DNA singlestrand breakage was measured by the alkaline elution method of Kohn et al. (23) as described previously (30) . JB6 clone 41 cells were seeded at low density in T25 tissue culture flasks. After 12 h of incubation they were labeled in their DNA by the addition of 14C-thymidine (0.1 ,uCi/ml of medium, final concentration) for a period of 48 h. Subsequently, the labeled cells were trypsinized and replated at a density of 105 cells per 6-cm petri dish in complete medium plus 1 ,ug of thymidine per ml. After a 12-h chase period in complete medium, the cultures were irradiated with UVB light (9 kJ/m2) under a thin layer (1 ml) of fresh dyeless medium containing 0.25% fetal calf serum at 30°C or on ice. When indicated, the irradiation medium contained 1 mM 3-AB. In experiments measuring the effect of N-acetyl-Lcysteine (NAC), the cultures were preincubated with the drug for 2 h and the drug was present during irradiation. In studies measuring the resealing of strand breaks, the medium was replaced following irradiation by warm MEM containing 8% fetal calf serum and the incubation was continued for the indicated lengths of time at 37°C. Finally, the medium was removed, the plates were washed twice with ice-cold PBS, and the cells were scraped into PBS and collected directly on the filters used for alkaline elution.
RESULTS
GPx but not Cu,Zn-SOD or NAC protects the genome from UVB-induced DNA breakage. The preparation and characterization of the stable Cu,Zn-SOD transfectants SOD3 and SOD15 has been described previously (3) . Clone GPx2O was prepared by the transfection of JB6 (Cl41) cells with an expression vector containing bovine GPx cDNA (see Materials and Methods). Expression of the transfected GPx DNA was ascertained by Northern blotting (not shown). The enzyme activities of the transfectants are listed in Table 1 . Figure 1 shows UVB-induced DNA strand breakage in wild-type JB6(CI41) cells and in their antioxidant transfectants measured by the alkaline elution method. The data in panel A indicate that elevated levels of Cu,Zn-SOD in clones SOD3 and SOD15 failed to protect DNA from UVB action. Indeed, DNA breakage in these cells was slightly but reproducibly enhanced relative to the parent strain. In contrast, elevated levels of GPx in the transfectant GPx2O substantially reduced DNA breakage (panel B). On the basis of the enzymatic specificities of the transfected enzymes, we conclude that UVB-induced DNA breakage is at least in part mediated by the formation of H202 and possibly organic hydroperoxide but that 02 is not directly involved.
Addition of NAC increases the cytoplasmic concentrations of cysteine and reduced glutathione (GSH), which represents the most important low-molecular-weight antioxidant of mammalian cells (29) . Therefore, we have evaluated its effect on UVB-induced DNA breakage. As shown in Fig.  1C the addition of 10 or 20 mM NAC to JB6(CI41) cultures did not affect the stationary levels of DNA breaks in unirradiated controls. While 10 mM NAC had no effect, 20 mM NAC substantially increased UVB-induced DNA breakage. Higher doses of NAC caused DNA breakage also in unirradiated controls (data not shown). We conclude that NAC does not protect the genome from UVB damage but rather enhances breakage at high doses. c-fos induction by UVB light is enhanced by GPx but not by Cu,Zn-SOD or NAC. Accumulation of c-fos message 60 min after exposure to UVB irradiation was measured by Northern analysis in serum-starved cultures. The data are shown in the form of a bar diagram in Fig. 2 . Our results indicate that the elevated level of GPx in the clone GPx20 enhanced the expression of c-fos while elevated levels of Cu,Zn-SOD in clones SOD3 and SOD15 slightly suppressed expression relative to the parent strain JB6 (CI41). These results parallel the data for the efficiency of the induction of DNA breakage shown in Fig. 1 .
The Northern blots in Fig. 3 show that the addition of NAC 2 h before irradiation suppressed the accumulation of c-fos message in a dose-dependent fashion while it had no effect on c-fos induction by serum.
Rejoining of UVB-induced DNA breaks is suppressed by inhibition of ADPR-transferase. Previous work has demonstrated that inhibition of ADPR-transferase suppresses the transcriptional induction of c-fos by UVB light (37) . We proposed that inhibition of the repair of DNA breaks was responsible for this result. Therefore, we studied the effect of the ADPR-transferase inhibitor 3-AB on the resealing of UVB-induced breaks in JB6(CI41) cells by the alkaline elution method. The results in Fig. 4A indicate that the extent of DNA breakage was higher in cells which had been irradiated at 30°C in the presence of 3-AB. We conclude that rejoining of DNA breaks which normally occurs during irradiation at 30°C was inhibited by 3-AB. In the experiment shown in Fig. 4B , cells were irradiated in the presence or absence of 3-AB at 0°C in order to inhibit cellular repair processes and then incubated at 37°C for the indicated lengths of time. While the initial extent of DNA breakage was the same in both samples, the presence of 3-AB strongly reduced the early rates of strand rejoining at 37°C.
Genomic integration of pfos-CAT construct is required for inhibition of UVB induction by 3-AB. The results reported above suggest that oxidant-induced DNA breaks interfere with transcriptional activation of c-fos by UVB light. However, the fos gene and its regulatory sequences represent a very small target and are not expected to contain a significant number of breaks at the UVB doses used in our experiments (37) . It appears more likely that unrepaired breaks exert a long-range effect on chromatin conformation which is incompatible with efficient transcriptional induction. We have tested this model in experiments comparing the effect of ADPR-transferase inhibition on the UVB induction of the endogenous c-fos gene, of a stably integrated pfos-CAT construct containing the full-length 5' regulatory sequences of c-fos, and of the same transiently transfected pfos-CAT construct. In contrast to the stably integrated vector, the transiently transfected extrachromosomal vector does not assume a native, higher-order chromatin structure and is not susceptible to long-range effects by DNA breaks. The preparation of stable transfectants containing the -641 to + lO9fos regulatory sequences linked to the bacterial CAT reporter gene has been described (2, 37) . Serum-starved cultures were either irradiated with UVB light or treated with serum in the presence or absence of 3-AB, and total RNA was extracted after 60 min. The concentrations of CAT RNA were determined by the RNase protection method, and the data were normalized relative to the content in Cu,Zn-SOD RNA, which was also measured by the RNase protection method. The data are shown in panels A and B of Fig.  5 . It is evident from the ratios of the densitometer readings for the bands for the CAT and the SOD RNA that 3-AB suppressed the induction of the reporter gene by 62% in response to UVB light while it slightly increased transcription following serum treatment. The effect of 3-AB on the inducibility of the transiently transfected pfos-CAT construct is shown in panel B. The data were obtained by the RNase protection assay for the expression of the CAT gene and normalized against RNA transcribed from the cotransfected pBLCAT4 vector which contains the constitutive HSV-tk promoter linked to the CAT gene (see Materials and Methods). It is evident that 3-AB had no effect on the induction of the reporter construct by UVB light and serum. The data are summarized in the bar diagram in Fig. 6 , which also shows the effect of 3-AB on the induction of the endogenous c-fos gene by UVB light and serum. Aliquots of total RNA extracted from the same cultures which had been transiently transfected with pfos-CAT were analyzed by Northern blotting, and the stationary concentrations of c-fos message were normalized against GAPDH. In confirmation of previous results, 3-AB suppressed the induction of c-fos by UVB light but not serum (37) .
DISCUSSION
The fact that increased levels of GPx in the transfectant GPx20 protected it from UVB-induced DNA breakage indicates that H202 and/or organic hydroperoxides represent intermediates in the breakage process. The involvement of lipid peroxides appears likely, since their formation by UV light has been observed (6) and since they have been shown to cause DNA breakage when added to mammalian cells in culture (32) . The failure of Cu,Zn-SOD to attenuate UVBinduced DNA breakage suggests that 02-is not directly involved and that the reduction of transition metal ions by 02 in Fenton reactions does not play an important role for the formation of DNA breaks by UVB light. The slight increase in DNA breakage in the clones SOD3 and SOD15 VOL. 13, 1993 may be due to the peroxidatic activity of Cu,Zn-SOD (20) or to overproduction of H202, in agreement with previous experiments in which oxidative stress was induced by an extracellular burst of active oxygen (2) . Our results demonstrate that UVB light causes oxidative stress and that GPx but not Cu,Zn-SOD protects cells from its genotoxic effects. They do not imply that DNA breaks result from the direct attack of DNA by oxy-radicals. Earlier work suggests that a major portion of oxidant-induced DNA breaks are caused by the activation of Ca2+-and Mg2e-dependent endonucleases (8) .
NAC protects cells from killing by radiation, but the mechanism of its action is not clear (27) . It increases the intracellular concentration of cysteine, which may act as radical scavenger in its own right or by stimulation of GSH biosynthesis. The latter possibility is intriguing because UV light is known to cause a rapid decline of GSH levels in mammalian cells (42) . An analogous mechanism has been proposed for the inhibition by NAC of NF-idB induction in lymphoid cells in response to tumor necrosis factor alpha and tetradecanoyl phorbol acetate (35, 39) . Low doses of NAC (i.e., 10 and 15 mM) which did not protect from UVB-induced DNA breakage inhibited c-fos induction. Similarly, UVC induction of c-jun was suppressed by NAC, albeit at a relatively high dose (40 mM) (13) . NAC doses above 20 mM sensitized JB6Gl41 cells to UVB-induced DNA breakage. As mentioned above, the mechanism of action of NAC has not been clearly elucidated. From our results it appears unlikely that it acts only as a radical scavenger. It is conceivable that NAC inhibits an early step in UVB-induced signal transduction at the cellular membrane.
Protection from UVB-induced DNA breakage in the GPx transfectant resulted in enhancement of c-fos expression. This result is in agreement with our proposition that the extent of the transcriptional induction of c-fos by UVB light represents a balance between its capacity to activate the necessary signal transduction pathways and its genotoxic effects, in particular, the formation of DNA strand breakage (37) . Activation of signal transduction may be less affected by the increase in GPx than DNA breakage or it may occur by a mechanism which does not involve oxidative stress.
Oxidation of the FOS and JUN proteins strongly diminishes their capacities to bind to an AP-1 site in the regulatory sequences of the human metallothionein IIA gene (1, 45) . A reducing factor has been isolated from HeLa cells which reconstitutes DNA binding of these proteins (45) , and it has been proposed that redox switching of FOS and JUN might serve a regulatory function. According to this model, bona fide oxidants and UVB light might directly oxidize FOS and JUN, resulting in the derepression of the c-fos gene. Our results with the transfectant GPx20 argue against this possibility for the autoregulation of c-fos since increased antioxidant defense in this clone enhanced rather than suppressed the transcriptional induction of c-fos by UVB light.
If DNA breaks suppress transcriptional induction of c-fos by UVB, then inhibition of repair should potentiate their effect. This expectation is verified by our experiments with the ADPR-transferase inhibitor 3 described in the legend to Fig. 2 .
VOL. 13, 1993 (15, 16) . It is conceivable that this type of conformational change of chromatin cannot be established in the presence of unrepaired DNA breaks. Since the extent of DNA strand breakage and the level of activation of ADPR-transferase are related, our results are also compatible with a more direct role of poly-ADP ribosylation of structural and functional chromosomal proteins in c-fos induction. We had demonstrated previously that oxidative stress induces the poly-ADP ribosylation of histones (24) , of ADPR-transferase, of topoisomerase I (25) , and at low levels of FOS protein (2) .
